INTRODUCTION 11 12
Piriformospora indica is a root-colonizing basidiomycete fungus that increases plant 13 growth of a wide range of crop species (Peškan-Berghöfer et al. 2004; Qiang et al. 2012; 14 Weiss et al. 2011) . The fungus is known to reproduce asexually by generating thick-walled 15 chlamydospores, and, in clear contrast to arbuscular mycorrhiza, can be cultured on synthetic 16 media (Varma et al. 1999; Verma et al. 1998 ). Plants colonized with P. indica exhibit 17 enhanced tolerance against abiotic stress and resistance to microbial pathogens. Several 18 studies have demonstrated that P. indica confers salt and drought tolerance to host plants, but 19 the underlying mechanism is not fully elucidated (Baltruschat et al. 2008; Cruz et al. 2010; 20 Sherameti et al. 2008; Sun et al. 2010; Waller et al. 2005; Zarea et al. 2012 ; for review see 21
Franken 2012). 22
An important feature of plant responses to environmental stresses is that the balance 23 between production and scavenging of reactive oxygen species (ROS) is shifted towards 24 higher ROS levels (Apel and Hirt 2004) . Excess ROS subsequently induces lipid peroxidation 25 MPMI 6 compared with roots infected only with F. culmorum (Table 1) . When compared to controls, 1 dually inoculated roots showed 60% and 40% higher APX and GR activities, respectively, 2 while DHAR activity was not significantly different and MDHAR activity was 25% lower. 3
Together, these data demonstrate that the mutualistic, root-colonizing fungus P.indica 4 abolishes detrimental effects on the host plant`s antioxidant system caused by the 5 necrotrophic pathogen F. culmorum. 6 7 P. indica protects Fusarium-infected roots from loss of superoxide dismutase activities 8
Compared to control plants, total activity of superoxide dismutase (SOD, EC 1.15.1.1) was 9 increased by 62% in P. indica-colonized 3-week-old plants, whereas it was reduced by 56% 10 in roots inoculated with F. culmorum. Yet, when P. indica-colonized seedlings were 11 challenged with F. culmorum, the pathogen-induced reduction in SOD activity was 12 completely abolished (Table 1) . 13
Similarly, activity of catalase (CAT, EC 1.11.1.6) increased significantly in response 14 to P. indica (Table 1) . We found that P. indica elevated the CAT activity by 46% in roots as 15 compared to uncolonized control plants. However, unlike SOD, CAT activity did not change 16 significantly upon inoculation with F. culmorum (Table 1) . 17
18

P. indica protects Fusarium-infected roots from extensive lipid peroxidation 19
Next, we assessed levels of lipid peroxides (LOOH) in roots of 3-week-old plants using the 20 ferrous oxidation xylenol orange (FOX) assay (Do et al. 1996) . Roots colonized with P. 21 indica, as well as roots of control plants, contained low amounts of LOOHs (approx. 70 nmol 22 g -1 FW; Fig. 5 ). In contrast, 5-fold higher amounts of LOOHs were found after inoculation 23 with F. culmorum. Notably, pretreatement with P. indica at least partially protected roots 24 central role in the cellular defense against oxidative damage (Conklin et al. 1996; Eltayeb et 10 al. 2007; Zhang et al. 2011) . P. indica-induced abiotic stress tolerance was shown to be 11 associated with elevated levels of ascorbate and a high ascorbate/DHA ratio, along with 12 increased DHAR and MDHAR enzyme activities in plant roots (Baltruschat et al. 2008; 13 Vadassery et al. 2009; Waller et al. 2005) . Moreover, systemic resistance mediated by the 14 root-colonizing endophyte against powdery mildew disease is associated with an increased 15 level of leaf GSH and GR enzyme activity (Waller et al. 2005) . 16
In the present study, we analyzed the size and redox state of total ascorbate and 17 glutathione pools in barley roots inoculated with P. indica and the necrotrophic fungus F. 
MPMI 8
Lipid peroxidation in living organisms subjected to oxidative stress has been widely 1 accepted as an indication of early damage by ROS (Halliwell and Chirico 1993) . We observed 2 a 5-fold increase in peroxide content of Fusarium-infected barley roots. This observation is 3 consistent with previous studies that detected oxidative stress during infection of wheat roots 4 by various Fusarium species (Desmond et al. 2008; Khoshgoftarmanesh et al. 2010 ). We 5 found that P. indica robustly attenuated the F. culmorum-induced accumulation of peroxides. 6
The present study also confirms that the shift in the redox status to a more oxidizing 7 cellular environment (decreased ascorbate/DHA and GSH/GSSG ratios) in Fusarium-infected 8 barley roots is accompanied by a significant reduction in the activities of antioxidative 9 enzymes SOD, APX, GR, DHAR, and MDHAR. Significantly, preinoculation of roots with 10 P. indica almost completely abolishes the Fusarium-induced decrease in antioxidant capacity. and DHAR decreased in roots of St. John's wort (Hypericum perforatum) after inoculation 7 with C. gloeosporioides (Richter et al. 2011 ). In accordance with our finding, the detrimental 8 effect of C. gloeosporioides on the antioxidative defense systems in H. perforatum roots was 9 completely abolished by AMF (Richter et al. 2011) . Taken together, these data suggest that 10 necrotrophic fungi inhibit the antioxidant activity in attacked plant tissues, and that root-11 colonizing mutualistic fungi protect roots from necrotrophic microbes through activation / 12 protection of the plants' antioxidant system. 
MPMI 11
Based on our results and the aforementioned studies, we propose that the increase in 1 resistance of barley roots to F. culmorum is, at least partly, mediated by P. indica-induced 2 activation of antioxidant defense. Since higher antioxidant activity diminishes cell death 3 induced by ROS, necrotization of plant tissue is consequently reduced, which is unfavorable 4 to the necrotrophic pathogen. Yet, further studies are required to firmly establish the 5 mechanism of endophyte-mediated resistance against pathogens in plant roots. (three in each of three pots) were selected at random from each treatment and the whole root 7 system was examined for fungal structures under a Zeiss Axioplan 2 microscope. The rest of 8 the plants were used in further analyses only if all plants chosen for microscopic examination 9 were well-colonized by P. indica (colonization was at least 50% among 1-cm-long root 10 segments). 11
Fusarium culmorum strain KF 350 was grown on potato dextrose agar plates at 22°C 12 (Jansen et al. 2005) . For root inoculation, barley kernels were autoclaved twice for 25 min 13 with a 24-h interval, then inoculated with conidia of F. culmorum, and incubated for one week 14 at room temperature before being used as inoculum as described by Waller et al. (2005) . One-15 week-old seedlings were removed from the pots and roots were washed thoroughly with 16 sterile water. Then seedlings were transplanted to 200 ml pots filled with a 2:1 mixture of 17 expanded clay and Oil-Dri containing or not containing the inoculum (8-10 infected kernels 18 per pot). Transplanted plants were cultured for additional 2 weeks under the same conditions 19 as described above. 20 21
Quantification of F. culmorum in infected plants 22
The ratio of F. culmorum DNA to plant DNA was used to monitor the success of F. 
Antioxidant assays 23
Roots of 3-week-old barley plants were harvested from pot cultures and washed intensively 24 with sterile water before extraction. The entire excised root system was used for the 25 MPMI 14 antioxidant assays. Levels of reduced and oxidized forms of ascorbate and glutathione, and 1 activities of antioxidant enzymes superoxide dismutase (SOD), catalase (CAT), ascorbate 2 peroxidase (APX), dehydroascorbate reductase (DHAR), monodehydroascorbate reductase 3 (MDAR), and glutathione reductase (GR) were detected spectrophotometrically in root 4 extracts as described (Baltruschat et al. 2008; Harrach et al. 2008 ) 5 6
Peroxide analysis 7
Lipid hydroperoxides were extracted and assayed using the ferrous oxidation/xylenol orange 8 (FOX) assay as described (Do et al. 1996) . Roots (0.2 g) were homogenized at 0-4°C in 2 ml 9 methanol containing 0.01% butylated hydroxytoluene (BHT). Following centrifugation 10 (12,000 g, 10 min, 4°C), the supernatants (0.1 ml) were mixed with 0.7 ml of methanol 11 containing 0.01% BHT. Then 0.1 ml water containing 2.5 mM FeSO 4 , 2.5 mM (NH 4 ) 2 SO 4 , 12 and 0.25 M H 2 SO 4 , as well as 0.1 ml methanol containing 40 mM BHT and 1.25 mM xylenol 13 orange were added. Samples were incubated at room temperature for 30 min, and absorbance 14 at 560 nm was measured. The peroxide content was calculated based on a standard curve 15 created by known concentrations of hydrogen peroxide as described (DeLong et al. 2002) . 16
The reactivity of 18:2-derived LOOHs with the FOX reagent is nearly identical to H 2 O 2 17 (DeLong et al. 2002) . 18
19
Statistical analysis 20
At least three independent experiments were carried out in each case. Four replicate pots of 21 plants from each treatment were sampled for measurements. Statistical significance was 22 analyzed with Students t-test and ANOVA followed by Tukey post hoc test (Statistica 6.1, 23 Statsoft). Differences were considered to be significant at P<0.05. 
